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The development of transparent radio-frequency electronics has been limited, until recently, by the lack of 
suitable materials. Naturally thin and transparent graphene may lead to disruptive innovations in such 
applications. Here, we realize optically transparent broadband absorbers operating in the millimetre wave 
regime achieved by stacking graphene bearing quartz substrates on a ground plate. Broadband absorption is 
a result of mutually coupled Fabry-Perot resonators represented by each graphene-quartz substrate. An 
analytical model has been developed to predict the absorption performance and the angular dependence of 
the absorber. Using a repeated transfer-and-etch process, multilayer graphene was processed to control its 
surface resistivity. Millimetre wave reflectometer measurements of the stacked graphene-quartz absorbers 
demonstrated excellent broadband absorption of 90% with a 28% fractional bandwidth from 125-165 GHz. 
Our data suggests that the absorbers' operation can also be extended to microwave and low-terahertz bands 
with negligible loss in performance. 

Graphene has attracted much attention in recent years due to its extraordinary electronic and optical 
properties such as high electron mobility, truly atomic thickness, mechanical flexibility and saturable 
absorption'"^. With an optical transparency of 97-98%'' and an undoped sheet resistance of the order of 
6000 Q/sq' to —125 fl/sq", monolayer graphene films have found, not unsurpisingly, many applications where 
low sheet resistance and high optical transparency are essential. Chemical vapour deposition (CVD) permits the 
synthesis of high quality, large-area graphene films' " and an increased number of layers provides lower sheet 
resistances necessary for transparent conducting applications. Few layer graphene films with sheet resistance of 
280 fi/sq (80% transparent) and 770 Q/sq (90% transparent), synthesized on Ni films"''^ and 350 Q/sq (90% 
transparent) on Cu films''', make CVD graphene one of the few viable substitute materials for the mechanically 
inflexible transparent conducting oxides; indium tin oxide (ITO) or fluorine-doped tin oxide (FTO)''' '^, in almost 
all transparent electronic devices"" '^. Chemical doping has been shown to further reduce the sheet resistance of 
graphene films'". Until present most advances in graphene devices have focussed on the terahertz and optical 
frequencies, while in the radio-frequency regime, where the sheet resistivity dominates, the practical applications 
of graphene has been towards graphene-based FET mixers""^', RF transistors^^ '''' and controllable resistive 
devices such as metasurfaces^^"^' or absorbers'"''". However, the experimental demonstration of transparent 
radio-frequency absorbers, with broadband properties, still requires further research. 

Radar absorbing materials (RAMs) significanfly reduce an object's observable radar cross-section within 
specific bandwidths'^. A Salisbury screen absorber consists of a thin resistive sheet and a ground separated by 
a quarter wavelength dielectric filler''''''''. It operates by matching the absorber characteristic impedance to free 
space and the effective open circuit created leads to reduced reflections at the surface. However, the operation is 
narrowband and suffers from reduced absorption capability if the angle of incidence is not perpendicular to the 
absorber'^. Nevertheless, if the number of screens can be increased, using multiple layers of thin resistive sheets 
with the filling dielectric, one can form a Jaumann absorber, which offers an extended bandwidth and reduced 
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angular sensitivity^^'^\ Though very functional, the added layers and 
consequent increased thickness, make Jaumann screens a bulky 
alternative. Thus, there is a clear need to reduce the thickness of 
the broadband absorber components^', with materials which have 
a characteristic impedance of the same order of magnitude as the free 
space impedance; graphene is one such leading candidate. 

In this letter, we report for the first time on the fabrication and 
characterization of transparent broadband absorbers consisting of 
several stacked multilayer graphene sheets on quartz substrates 
backed with a ground plate. The large-area CVD multilayer graphene 
films have been fabricated through a repeated etch-and-transfer pro- 
cess to minimise PMMA residue between the layers, thereby yielding 
high-quality and optically transparent multilayer graphene films. 
Herein, analytical expressions are developed for the reflection and 
absorption coefficients consisting of an arbitrary number of stacked 
graphene layers. These expressions serve as a practical design guide 
to estimate the influence of the sheet resistance and substrate para- 
meters, as well as the impact of oblique incidence. To validate the 
broadband absorption, millimetre wave reflectometer experiments 
have been carried out with single and stacked absorbers from 
110 GHz to 170 GHz. For 5-unit stacked structures, 90% absorbance 
can be achieved with 28% fractional bandwidth from 125 GHz to 
165 GHz. The broadband absorption can be further improved by 
using thinner substrates with lower relative permittivity or stacking 
more graphene-quartz substrates at the expense of reduced optical 
transparency. 

Results 

Fabrication and modelling of the stacked graphene-quartz 
absorber. CVD graphene films were grown on four inch Cu/Si02/ 
Si wafers and were found, by optical and electron microscopy to be 
free of pin-holes. Samples were of high uniformity with >90% 
monolayer coverage, as confirmed by Raman spectroscopic map- 
ping and optical microscopy"". Films were transferred to fused 



sOica quartz substrates using spin-coated 200 nm thick poly 
(methyl methacrylate) (PMMA) as the supporting layer (for details 
see Methods section) (Fig. la). Multilayer graphene samples were 
processed by a multiple transfer-and-etch method. This involves 
repetitive transfer of the PMMA-graphene films onto diced gra- 
phene on Cu/Si02/Si substrates and etching them in an aqueous 
ammonium persulfate solution before finally transferring the relea- 
sed PMMA/graphene onto the quartz substrates. This method avoids 
significant PMMA residue build-up between the stacks of graphene 
layers yielding reduced mean sheet resistance of —0.9 kQ/sq for 2 L 
and —0.6 kfl/sq for 3 L. The number of graphene layers was 
confirmed via UV-Vis spectro-photometery. Optical transmittan- 
ces of 85%-91% at 700 nm for quartz- supported 1-4 L graphene 
was noted (Fig. lb). 

The proposed broadband absorber was realized by stacking multi- 
layer graphene bearing quartz samples on top of a ground plate, as 
depicted in Fig. Ic. Fig. Id illustrates optical images of quartz-sup- 
ported 2 L and 3 L graphene layers (17 mm X 8.5 mm). The N-unit 
samples, with similar sheet resistances, were stacked onto a ground 
plate to construct the broadband absorbers, as shown in Fig. Id. 

To predict the absorber performance, we have derived an analyt- 
ical expression based on a circuit model equivalent, as shown in 
Fig. Ic. For simplicity, it is assumed that all of the graphene sheets 
have the same surface conductivity and the quartz substrates are 
homogeneous and isotropic with a permittivity of fir and a thickness 
of h. The absorber model is assumed infinite in the xy plane and 
stacked along the z direction. A uniform transverse electromagnetic 
(TEM) plane wave is assumed to arrive at the absorber surface with 
an oblique incidence angle of 0. Since the thickness of quartz is a few 
millimetres, high-order modes become evanescent and can be 
ignored in the millimetre wave regime. The graphene sheets can be 
modelled as thin, two-sided surfaces characterized by surface con- 
ductivity, which is governed by the intraband contributions at low- 
terahertz frequencies and can be expressed as'' 
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Figure 1 | Schematic and optical images of multilayer graphene on quartz and stacked graphene-quartz absorbers, (a) Schematic of the multiple 
transfer-etch processing for a 2 L device; (b) Typical UV-Vis spectra for the 1.3 mm thick bare quartz and 1-4 L graphene samples; (c) Schematic of the 
N-unit stacked absorber and the equivalent transmission-line circuit model; (d) Optical images of 2 L and 3 L absorbers and N = 1-4 stacked graphene- 
quartz structures backed with a ground plate (N is the number of stacked graphene-quartz units). 
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where w is the radian frequency, ji^ is the chemical potential, T is the 
phenomenological scattering rate, Tis temperature, e is the charge of 
an electron, fi is the reduced Planck's constant and kjj is the 
Boltzmann's constant. Although is frequency dependent in equa- 
tion (1), in the millimetre wave region the conductance term remains 
almost constant, whilst the susceptance term tends to 0 and can thus 
be neglected; is dominated by the surface conductance and can be 
regarded as frequency independent. 

In terms of TEM transmission line theory, the quartz substrate can 
be modelled as a dielectric with propagation constant /J^ and char- 
acteristic admittance Yj, with the resistive graphene sheets repre- 
sented as a shunt admittance, = ~ IZ-Rj, where is the sheet 
resistance (Fig. Ic). The propagation constant of free space is denoted 
by and the characteristic admittance by Yq- The general analytical 
expressions for TE and TM polarizations of a wave with incident 
angle 0 can be expressed as^'" 

ko^—, Pg = kQCOsU, fSj = ko\^s~^ 
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where c is the speed of light in vacuum, oj is the angular frequency, 
and !7o = \/7hJki is the intrinsic free space wave impedance. 

For a single (N = 1) graphene-quartz absorber, the input admit- 
tance is given by 



(3) 



(4) 
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While for the N-unit stacked graphene-quartz absorber, the input 
admittance can be derived as 



yTE/TM .yTE/TM 1 1} u\ 



(, = 1,2 ...,N)(6) 



Since there is no transmission due to total reflection on the ground 
surface, we obtain the reflection coefficient Su and absorption coef- 
ficient A of the stacked graphene-quartz absorber from 
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The highest absorption is achieved when Y^j^ ~ 

or Oil 0;the 

absorption peaks correspond to reflection zeros. In this case the 
incident wave will go through multiple reflections and be fully 
absorbed by the lossy resistive graphene sheets. 

Measurement and prediction of transparent graphene-quartz 
absorbers. In order to investigate the nanostructured absorber, 
reflection spectra are measured by a well-established free space 
millimetre wave reflectometery technique and then transformed to 
absorption spectra according to equation (8). The experimental set- 
up is illustrated in Fig. 2a. The reflectometer functions at frequencies 
from 110 GHz to 170 GHz using a HP N5244A vector network 
analyzer fitted with millimetre wave extension heads (see Methods 
section). 

Firstly, single (N = 1) absorbers with 1-4 L graphene were mea- 
sured and then two graphene-quartz samples were stacked together 
to construct a 2-unit (N = 2) absorber (Fig. 2b). Measurements up to 
N = 5 were performed. The stacked graphene-quartz structures were 
backed with a conducting ground plate which was fixed to the metal 
support, guaranteeing that the sample was perpendicular to the 
incident wave. Only the normal incidence is considered here. Each 
graphene adlayer was 17 mm X 8.5 mm and covered the beam width 
of the incidence wave. 

The measured reflection and absorption spectra of single gra- 
phene-quartz absorbers with 1-4 L graphene on quartz are com- 
pared with analytical calculations in Fig. 3. The calculated results 
in Fig. 3a and 3c show the influence of the chemical potential on 
the reflection and absorption properties of the absorber. When /i^ = 
0 eV and F = 7 meV, this corresponds to a sheet resistance of 
5044 n/sq which makes the input impedance challenging to match 
with free space. The peak absorption is lower than 40% indicating a 
poor absorption. As the chemical potential increases, in steps of f.ic = 
0.1 eV, the sheet resistance of graphene is reduced and the peak 
absorption improves. When /.i^ = 0.3 eV and F = 5 meV, the cor- 
responding sheet resistance is 430 fl/sq, which tends toward the free 
space impedance. Good impedance matching leads to 100% peak 
absorption around 148 GHz. 

Graphene surface conductivity is mainly dominated by the intra- 
band contribution from microwaves to far infrared waves. The real 
part of the intraband conductivity, which contributes to energy 
absorption or dissipation", increases linearly with the chemical 
potential at 10 GHz". Our calculations show that this is also the case 
for the frequency of operation at 140 GHz. A linear increase in 
surface conductivity can also be achieved by artificially stacking gra- 
phene monolayers'*". We note that the measured absorption 
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Figure 2 | Millimetre wave reflectometer measurements, (a) Photograph of the experimental set-up. Red lines refer to the incident wave from the 
transmitter to the sample; green lines represent the reflected wave from the sample to the receiver. The H-grating transmits vertically polarized waves but 
reflects horizontally polarized waves. The 45D grating selects the E-field components with 45° rotation, (b) Photograph of the transparent absorber 
consisting of graphene-quartz samples backed with a metal plate. 
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Figure 3 | Comparison of calculated and measured spectra of single graphene-quartz absorbers, (a, c) Calculated absorption spectra. The scattering 
rates are chosen as F = 7 meV for /.i^ =0.0 eV and F = 5 meV for all others, T = 300 K. (b, d) iVleasured reflection and absorption spectra of single (N = 
1) graphene-quartz absorbers with 1-4 L graphene on quartz {e, = 3.8 and h = 1.3 mm). The measurements showthat the improvement in absorption is 
substantial from 1 L to 2 L multilayer graphene while less significant after 2 L. The measured reflection and absorption spectra in (b) and (d) are similar to 
calculated spectra in (a) and (c). 



improvement of multilayer graphene in Fig. 3d is similar to the 
calculated absorption curves when the chemical potential is varied 
from 0-300 meV in Fig. 3c. The chemical potential can be changed 
either by chemical doping or by the application of a bias voltage^'^"* ''". 
Here, we achieve a similar increase in the absorption capability sim- 
ply by increasing the number of the stacked layers. 

First, the bare quartz substrate on the ground plate was tested in 
the reflectometer as a background reference. A total reflection with 
no absorption is observed across the whole frequency range, except 
for the intrinsic systematic noise at high frequencies (>160 GHz). 
The single unit graphene-quartz absorbers with 1 -4 L graphene were 
then measured. AIL absorber has a small absorption peak around 
30% at 148 GHz, which is similar to the case of /.i^ = 0.0 eV and F = 
7 meV (Fig. 3c, d). In contrast, a 2 L absorber has a peak absorption 
around 95%, which is similar to the calculated case of ^i^ = 0.2 eV 
and F = 5 meV. A small frequency shift is caused by the thickness 
variation in the practical quartz slabs (±2%) and the air gap 
(—0.1 mm) between quartz and ground plate. The absorption peak 
increase marginally (+1.2%) for the 3 L case and fall slightly ( — 1%) 
for the 4 L case. Multilayer graphene can thusly be used to derive a 
turbostratic, stacked, artificial graphite-like material of sufficiently 
reduced sheet resistance capable of near matching the free space 
impedance; however, it is challenging to improve the sheet resistance 
further for samples consisting of more than 3 layers, which could be 
due to water residue between the layers that prevents good contact 
between the interfacing layers in the present samples. 

The single graphene-quartz absorber is based on a Salisbury screen 
absorber (see Supplementary Fig. SI), which exhibits fundamental 
Fabry-Perot resonance at/o = and the incident waves and 

reflected waves at^- = (2; — l)/o (where / = 1, 2 ...) have opposite 
phase difference which leads to periodic reflection zeros and absorp- 
tion peaks'". 



Although a Salisbury screen absorber has multiple absorption 
bands, maximum absorption is limited to a narrow bandwidth 
around the resonant frequency. In order to achieve wideband 
absorption we instead consider a Jaumann absorber, which utilizes 
a series of a quarter wavelength thick dielectric layers that separate 
parallel resistive sheets, introducing a mutual coupling of Fabry- 
Perot resonators over a metallic ground. Here we use stacked gra- 
phene-quartz samples to realize a transparent millimetre wave 
Jaumann absorber. The zero-degree reflection phase condition can 
be used to predict the locations of absorption peaks and zeros 
(Supplementary Fig. S2). For the N-unit stacked absorber, the loca- 
tion of absorption peaks and zeros in the first band can be calculated 
from/p, = {2i - l)/o/Nand/2_, = 2ifo/N{i = 1, 2 ...), respectively. As 
shown in Fig. S3, the chemical potential of graphene has a remarkable 
influence on the absorption spectra of the stacked absorber. Instead 
of tuning the chemical potential, multilayer graphene films were 
utilized to achieve the required sheet resistance of <1000 f2/sq. 

The calculation results for stacked graphene-quartz absorbers are 
depicted in Fig. 4a and 4c. For simplicity, the graphene films are 
assumed to have the same parameters as per the initial calculation 
(F = 5 meV, /.i^ = 0.15 eV) which corresponds to a sheet resistance 
of 859 Q/sq. The calculated reflection spectra in Fig. 4a have the same 
number of reflection zeros as the measured stacked units, which 
extends the absorption bandwidth but keeps the centre frequency 
around 148 GHz. A similar phenomenon exists in the absorption 
spectra in Fig. 4c, which show more absorption peaks and wider 
absorption bands as the layers increase. Mutual coupling of the 
Fabry-Perot resonators contributes to the multiple absorption peaks 
within the band. The measured results in Fig. 4b and 4d show a good 
agreement with the calculations, except for a small frequency shift of 
reflection zeros and an increased reflection within the band. The 
difference is possibly due to parameter errors and additional losses 
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Figure 4 | Comparison of calculated and measured spectra of stacked graphene-quartz absorbers, (a, c) Calculated reflection and absorption 
spectra showing a centre frequency at 148 GHz and an increased number of reflection zeros (or absorption peaks) as well as absorption bandwidth from N 
= 1 to N = 5, where N is the number of stacked graphene-quartz units. AH graphene sheets are assumed to have the same parameters (/i^ = 0.15 eV, 
r = 5 meV) and separated by homogeneous quartz substrate (e^ = 3.8 and h= 13 mm), (b, d) Measured reflection and absorption spectra show similar 
responses as the calculations. The observed slight frequency shift and amplitude variation are mainly associated with parameter differences between each 
sample and experimental systematic errors. 



in the practical samples, as well as the small air-gap between adjacent 
units that induces multiple reflections. For the 5-unit stacked absor- 
ber, approximately 90% absorption can be achieved for 125- 
165 GHz, which indicates the practical millimetre wave absorber 
has a 28% fractional absorption bandwidth with the added benefit 
of optical transparency. 

For a dielectric substrate, the resonance frequency will be 
decreased by increasing either the permittivity or thickness of the 
slabs. Moreover, the relative permittivity will affect the characteristic 
admittance of the dielectric according to equation (4). Thus, a 
decreased relative permittivity not only widens the bandwidth but 
also improves the absorption within the band (Supplementary Fig. 
S4). The most appropriate choice for achieving wide bandwidth and 
high absorption is a relative permittivity close to 1. However, in this 
paper, quartz was selected for fabrication simplicity and its high 
optical transparency. Certainly, the use of quartz substrates result 
in a reduced absorption performance compared to other low permit- 
tivity substrates. 

There are two contributions to microwave absorption: dielectric 
and magnetic loss*', due to the imaginary parts of a material's com- 
plex permittivity and permeability. Pure graphene materials are 
found to contribute to microwave energy absorption mostly because 
of their dielectric loss rather than magnetic loss. Due to this imbal- 
ance of dielectric permittivity and magnetic permeability of gra- 
phene, impedance matching for microwave absorbing materials is 
difficult to achieve for pure graphene. As a result, magnetic materials 
such as Fe304 are added to graphene to result in high complex 
permeability values over the GHz range*'. The performance of sin- 
gle-layer absorbers can be improved by increasing the permeability; 
however, known magnetic materials do not exceed several units*^. 
Therefore broad-band non-magnetic absorbers employ multilayer 
absorbing structures or dielectrics with frequency dispersion of the 
permittivity. 



In this work, in order to achieve optical transparency, we have not 
used multilayer graphene as a dielectric filler but as an ultra thin, 
lossy resistive component separated by the transparent quartz dielec- 
tric filler, backed by a ground plate, forming a Jaumann absorber. We 
aimed to match the impedance to free space by engineering the 
surface resistance characteristics of the multilayer graphene com- 
bined with the impedance transformation of the transparent dielec- 
tric filler. We are able to achieve absorption of 90% of the incident 
millimetre wave without necessarily taking permeability into 
consideration. 

Although data on oblique incidence is not presented, an analytical 
prediction can be obtained which we have validated in the normal 
incidence case (Supplementary Fig. S5 and Fig. S6). We observe that 
incident angles 0 < 30" do not have a significant impact on the 
absorption spectra. However, when 0 > 60° absorption is reduced 
and the magnitude variations become significant for TE-polarized 
waves, whilst they improve for TM-polarized cases. We also observe 
that absorption bandwidth increases significantly when the relative 
permittivity is reduced from = 3.8 to = 1-1; suggesting that a 
dielectric with low relative permittivity is required to achieve both 
wide bandwidth and high absorption. 

Discussion 

By stacking nanometre-thick multilayer graphene films and mil- 
limetre-thick quartz slabs, we have developed a facile and optically 
transparent broadband millimetre wave absorber. This absorber has 
been modelled using transmission line theory and an analytical 
expression has been derived to predict its performance. 

Each graphene-quartz structure forms a Fabry-Perot resonator. 
When backed with a ground plate, absorption peaks or reflection 
zeros occur at odd numbers of the fundamental resonant frequency. 
We have determined that the sheet resistance of the graphene is an 
important factor for determining the input impedance and free space 
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impedance matching; here the multilayer CVD graphene films were 
used to achieve the required resistivity through a repeated transfer 
process developed to minimise PMMA residues. 

When multiple graphene-quartz samples are stacked together, the 
mutual coupling of the Fabry-Perot resonators introduces multiple 
absorption peaks in each band leading to broadband absorption. A 
5-unit stacked graphene-quartz absorber seems adequate to counter- 
balance the absorption performance and the manufacturing com- 
plexity. In addition, the permittivity and thickness of the dielectric 
slabs provide additional degrees of freedom to adjust the bandwidth 
and in-band performance. Furthermore, for the case of oblique 
incidence, the absorber is found to be suitable for angles <30° for 
TE-polarized waves while good for all angles for TM-polarized 
waves. In order to achieve excellent absorption for wide incidence 
angles under TE-polarization, pyramidal or inhomogeneous struc- 
tures may be used for future work. 

The measurements of transparent graphene-quartz absorbers 
have been carried out using a millimetre wave reflectometer across 
the 110-170 GHz band. Our measured results validate that multi- 
layer graphene achieves reduced sheet resistance assessed by tuning 
the chemical potential in the calculation, and 5-unit stacked absorber 
achieves 90% absorbance with a 28% fractional bandwidth. 
Moreover, the derived analytical formulae predicted the periodic 
absorption spectra over a wide frequency region, and the proposed 
absorber can be designed to meet different requirements with the 
added benefit of optical transparency. 

Methods 

CVD Graphene synthesis. Graphene was grown by thermal chemical vapour 
deposition in a cold-walled, commercially available reactor (Atxtron Black Magic). 
500 nm-thick Cu was magnetron sputtered onto 200 nm thermally oxidised Si-100 
four inch wafers which were subsequently annealed at 850"C for 30 min in a 20 : 1500 
standard cubic centimetres per minute H2:Ar atmosphere at 4 mbar. Graphene 
growth was initiated by introducing 7 seem CH4 (99.9%) under maintained H2 
(99.98%) and Ar (99.998%) dilution. All samples were cooled to <300 'C under ultra- 
high purity N2 (99.999%) before venting to atmospheric pressure. Temperatures were 
monitored using two type K bimetallic thermocouples and a surface infrared 
interferometer. Pressures and temperatures were accurate to within ±0.1 mbar and 
±1°C> respectively. 

Transfer of monolayer and stacked multilayer graphene. The graphene on 
Cu/Si02/Si samples were first diced to 17 mm X 8.5 mm and then cast with 200 nm 
poly (methyl methacrylate)-(PMMA 950 A4) and were annealed at ISO'C for 1 
minute. Substrates were then immersed in an aqueous ammonium persulfate 
((NH4)2S208, 2.2 g/lOO mL DI) for 15 hours to etch the Cu catalyst. The floating 
PMMA-graphene films were then transferred into DI water baths using microscope 
glass slides and rinsed several times to remove the etchant. For monolayer graphene, 
the PMMA-graphene film was transferred to Saint-Gobain SpectrosU® 2200 Optical 
Fused Quartz substrates, and dried at atmospheric pressure for 24 hours. For 
monolayer samples the films were transferred to occupy only half side of the quartz 
substrate, leaving the other half exposed for UV-VIS spectro-photometry baseline 
calibration. For multilayer samples the films were transferred onto slightly larger 
diced wafer substrate pieces, in order to make PMMA/bilayer graphene stacks. The 
bUayer stacked substrates were etched again in (NH4)2S208 and were rinsed and 
transferred onto diced wafer quartz substrates, followed by acetone washes to remove 
the PMMA. The remaining PMMA/bilayer graphene films were transferred onto 
larger substrates and the process was repeated untU stacked samples of up to 5 layers 
were processed. 

Millimetre wave reflectometer measurement. A HP N5244A vector network 
analyser and its millimetre wave extension heads were used to drive the reflectometer 
(Fig. 2a). The vertically polarized incident waves were emitted from the feed horn 
then filtered by a horizontal grating and reflected by an ellipsoidal reflector. A 45- 
degree grating was utilized to convert the vertically polarized wave to a horizontally 
polarized one by rotating it twice. The horizontal grating then reflected the wave to 
the feed horn of the horizontal receiver. Both the transmitter and receiver were 
connected to the vector network analyzer which calculated the reflection coefficient 
between the reflected wave and the incident wave. 



1. Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in 
graphene. Nature 438, 197-200 (2005). 

2. Zhang, Y., Tan, Y. W., Stormer, H. L. & Kim, P. Experimental observation of the 
quantum Hall effect and Berry's phase in graphene. Nature 438, 201-204 (2005). 



3. Nilsson, J., Neto, A. H. C, Guinea, F. & Peres, N. M. R. Electronic properties of 
graphene multilayers. Phys. Rev. Lett. 97, 266801 (2006). 

4. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183-191 

(2007) . 

5. Bao, Q. et al. Atomic-Layer Graphene as a Saturable Absorber for Ultrafast Pulsed 
Lasers. Adv. Funct. Mater. 19, 3077-3083 (2009). 

6. Nair, R. et al. Fine Structure Constant Defines Visual Transparency of Graphene. 
Science 320, 1308 (2008). 

7. Blake, P. et al. Graphene-Based Liquid Crystal Device. Nano Lett. 8, 1704-1708 

(2008) . 

8. Bae, S. et al. Roll-to-roll production of 30-inch graphene films for transparent 
electrodes. Nature Nanotech. 5, 574-578 (2010). 

9. Gomez, L., Zhang, Y., Kumar, A. & Zhou, C. Synthesis, Transfer and Devices of 
Single- and Few-Layer Graphene by Chemical Vapor Deposition. IEEE Trans. 
Nanotechnol. 8, 135-138 (2009). 

10. Yu, Q., Lian, J., Siriponglert, S., Li, H., Chen, Y. P. & Pel, S. S. Graphene Segregated 
on Ni Surfaces and Transferred to Insulators. Appl. Phys. Lett. 93, 1 1 13103 (2008). 

1 1 . Reina, A. et al. Large Area, Few-Layer Graphene Films on Arbitrary Substrates by 
Chemical Vapor Deposition. Nano Lett. 9, 30-35 (2009). 

12. Kim, K. S. et al. Large- Scale Pattern Growth of Graphene Films for Stretchable 
Transparent Electrodes. Nature 457, 706-710 (2009). 

13. Li, X. et al. Large-area synthesis of high-quality and uniform graphene films on 
copper fofls. Science 324, 1312-1314 (2009). 

14. Lewis, G. D. A. et al. Highly flexible, and transparent graphene films by chemical 
vapor deposition for organic photovoltaics. ACS Nano 4, 2865-2873 (2010). 

15. Yu, A., Roes, I., Davies, A. & Chen, Z. Ultrathin, transparent, and flexible graphene 
films for super capacitor application. Appl. Phys. Lett. 96, 253105 (2010). 

16. Kim, K. S. et al. Large-scale pattern growth of graphene films for stretchable 
transparent electrodes. Nature 457, 706-710 (2009). 

17. Kim, R.-H. et al. Stretchable, transparent graphene interconnects for arrays of 
microscale inorganic light emitting diodes on rubber substrates. Nano Letters 11, 
3881-3886 (2011). 

18. Kim, K. K. et al. Enhancing the conductivity of transparent graphene films via 
doping. Nanotechnology 21, 285205 (2010). 

19. Lin, Y. M. et al. Wafer-Scale Graphene Integrated Circuit. Science 332, 1294 
(2011). 

20. Habibpour, O., Vukusic, J. & Stake, J. A 30-GHz Integrated Subharmonic Mixer 
Based on a Multichannel Graphene FET. IEEE Trans. Microw. Theory Techn. 61, 
841-847 (2013). 

21. Andersson, M. A., Habibpour, O., Vukusic, J. & Stake, J. Resistive Graphene FET 
Subharmonic Mixers: Noise and Linearity Assessment. IEEE Trans. Microw. 
Theory Techn. 60, 4035-4042 (2012). 

22. Lin, Y-M. et al. 100-GHz transistors from wafer-scale epitaxial graphene. Science 
327, 662-662 (2010). 

23. Schwierz, F. Graphene Transistors. Nat. Nano. 5, 487-496 (2010). 

24. Dragoman, M. et al. Graphene for Microwaves. IEEE M/crovv. Magaz. 11, 81-86 
(2010). 

25. Fallahi, A. & Perruisseau- Carrier, J. Design of tunable biperiodic graphene 
metasurfaces. Phys. Rev. B 86, 195408 (2012). 

26. Padooru, Y. R. et al. Dual Cap acitive- Inductive Nature of Periodic Graphene 
Patches: Transmission Characteristics at Low-THz Frequencies. Phys. Rev. B 87, 
115401 (2013). 

27. Chamanara, N., Sounas, D., Szkopek, T. & Caloz, C. Optically Transparent and 
Flexible Graphene Reciprocal and Nonreciprocal Microwave Planar 
Components. IEEE Microw. Wireless Compon. Lett. 22, 360-362 (2012). 

28. Othman, M. A. K., Guclu, C. & Capolino, F. Graphene-based tunable hyperbolic 
metamaterials and enhanced near-field absorption. Opt. Express 21, 7614-7632 
(2013). 

29. lorsh, I. v., Mukhin, I. S., Shadrivov, I. V., Belov, P. A. & Kivshar, Y. S. Hyperbolic 
metamaterials based on multilayer graphene structures. Phys. Rev. B 87, 075416 
(2013). 

30. Wang, C. et al. The electromagnetic property of chemically reduced graphene 
oxide and its application as microwave absorbing material. Appl. Phys. Lett. 98, 
072906 (2011). 

31. Zheng, Z. et al. Microwave and optical saturable absorption in graphene. Opt. 
Express 20, 23201-23214 (2012). 

32. D'elia, U. F., Pelosi, G., Selleri, S. & Taddei, R. A carbon-nanotube-based 
frequency- selective absorber. International Journal of Microwave and Wireless 
Technologies 2, 479-485 (2010). 

33. Fante, R. L. & McCormack, M. T. Reflection properties of the Salisbury screen. 
IEEE Trans. Antennas and Propagat. 36, 1443-1454 (1988). 

34. Saville, P. Review of Radar Absorbing Materials. Defence Research & Development 
Atlantic Dartmouth, Canada (2005). 

35. Naishadham, K. & Kadaba, P. K. Measurement of the microwave conductivity of a 
polymeric material with potential applications in absorbers and shielding. IEEE 
Trans. Microw. Theory Techn. 39, 1158-1164 (1991). 

36. Li, C. et al. Highly Electron Transparent Graphene for Field Emission Triode 
Gates. Adv. Funct Mater. 20 September 2013, (DOI 10.1002/adfm.201300322). 

37. Hanson, G. W. Dyadic Green's functions and guided surface waves for a surface 
conductivity of graphene. /. Appl. Phys. 103, 064302 (2008). 

38. Padooru, Y. R. et al. Circuit modeling of multiband high-impedance surface 
absorbers in the microwave regime. Physical Review B 84, 035108 (2011). 



SCIENTIFIC REPORTS | 4:4130 | DOI: 1 0. 1 038/srep041 30 



6 



39. Chen, P.-Y. & Alu, A. Atomically Thin Surface Cloak Using Graphene 
Monolayers. ACS Nano 5, 5855-5863 (2011). 

40. Kasry, A., Kurada, M. A., Martyn, G. J., Tulevski, G. S. & Bol, A. Chemical Doping 
of Large- Area Stacked Graphene Films for Use as Transparent, Conducting 
Electrodes. AC5 Nano 4, 3839-3844 (2010). 

41. Sun, X. et al. Laminated magnetic graphene with enhanced electromagnetic wave 
absorption properties. /. Mater. Chem. C 1, 765-777 (2013). 

42. Rozanov, K. N. Ultimate thickness to bandwidth ratio of radar absorbers. IEEE T. 
Antenn. Propag. 48, 1230-1234 (2000). 



Acknowledgments 

This work was funded by the Graphene Research Centre, University of Cambridge, the 
Engineering and Physical Sciences Research Council (EPSRC), UK under a Research Grant 
(EP/K017IIX/I). B.W. acknowledges the support from the China Scholarship Council and 
National Natural Science Foundation of China. M.T.C. thanks the Winston Churchill Trust 
and the International Young Scientist Research Fellowship, National Natural Science 
Foundation of China, for generous financial support. 



Author contributions 

Y.H. proposed and supei^vised the project. W.l.M. advised on the project. B.W. carried out 
the absorber design and data analysis, M.T.C. synthesised the CVD graphene. H.M.T. 
fabricated the multilayer graphene samples and carried out sheet resistance and UV-Vis 
optical transmission measurements. B.Y. set up the millimetre wave measurement system. 
B.W., B.Y. and M.N. performed the measurements. Finally, the manuscript was prepared by 
B.W. and H.M.T. and revised by Y.H., M.T.C. and W.l.M. 

Additional information 

Supplementary information accompanies this paper at http://www.nature.com/ 
scientificreports 

Competing financial interests: The authors declare no competing financial interests. 

How to cite this article: Wu, B. et al. Experimental demonstration of a transparent 
graphene millimetre wave absorber with 28% fractional bandwidth at 140 GHz. Sci. Rep. 4, 
4130; DOl:10.1038/srep04130 (2014). 

^ I This work is licensed under a Creative Commons Attribution 3.0 Unported license. 
Ib^HS^H To view a copy of this license, visit http://creativecommons.Org/licenses/by/3.0 



SCIENTIFICREPORTS | 4:4130 | DOI: 1 0. 1 038/srep041 30 



7 



